Introduction
============

Theories of binocular integration are usually based around the phenomenon of stereopsis, which necessitates that the two monocular images are combined to form a single cyclopean image (Wheatstone, [@B31]; Julesz, [@B19]). The success of this conception is best exemplified by our current understanding of stereopsis, which depends on the convergence of monocular information onto disparity-sensitive binocular neurons that generate (or at least initiate) a sensation of depth (Cumming, [@B12]; Parker, [@B24]). However, the idea that binocular vision always involves integration of the two eye views is not easily reconciled with the experience of binocular rivalry (Alais and Blake, [@B1]). For example, if vertical stripes are presented to one eye and horizontal stripes are presented to a corresponding location in the other eye, the same region of visual space is perceived as being occupied by vertical stripes or horizontal stripes, but not by both. If the two monocular streams were simply united, one would presumably see a grid.

So, how can the visual system deal with monocular signals in such different ways? One possible explanation is that binocular rivalry is the default outcome when binocular correspondence cannot be solved (Blake, [@B5]; Lehky and Blake, [@B21]). In this model, rivalry results from reciprocal inhibition between monocular signals prior to binocular convergence. In the presence of well-matched monocular signals, the reciprocal inhibition responsible for rivalry is reduced by binocular neurons that generate the sensation of stereoscopic depth. However, if the modulating effect of the binocular circuitry is weakened by poorly matched stimuli, then the two monocular signals can engage in rivalry. Evidence in support of this model, comes from studies that show stereoscopic depth is disrupted during binocular rivalry (Blake et al., [@B8]; Harrad et al., [@B15]; Cogan et al., [@B11]).

The idea that binocular suppression only occurs when fusion is not possible is challenged by other studies that report that rivalry and stereopsis can coexist in the same location of the visual field (see Wolfe, [@B33], for review). For example, it has been reported that stereoscopic depth is still evident when stereo targets are presented on a background undergoing rivalry (Treisman, [@B30]; Ogle and Wakefield, [@B23]; Harrad et al., [@B15]). Other studies have shown that random dot stereograms can still elicit a perception of depth in the presence of rivalrous noise (Julesz and Miller, [@B20]; Mayhew and Frisby, [@B22]). However, in all these studies judgments of stereoscopic depth could result from only partial dominance during binocular rivalry (Blake et al., [@B8]). So, it is possible that stereoscopic depth and rivalry are occurring at different spatial locations, giving the impression of coexistence.

Our aim was to determine whether a monocular stimulus whose appearance was reported as being completely suppressed from awareness could contribute to the perception of stereoscopic depth. Our stimulus involved judging the relative depth of grating patches that were presented at different binocular disparities. The grating patches in the two eyes differed in spatial frequency, orientation, spatial phase, and motion, so that they engaged in binocular rivalry on the majority of trials. Participants were asked to make stereoscopic depth judgments and then immediately report the perceptual appearance of the stimuli. Only trials in which the form from one eye dominated perception were used to generate stereoacuity thresholds.

Materials and Methods
=====================

Stimuli
-------

Stimuli were programmed using a VSG2/5 graphics card (CRS, Rochester, England) and presented on a monochrome monitor with a fast phosphor decay (Clinton Monoray) and a frame-rate of 120 Hz. Gamma correction was used to ensure that the monitor was linear over the entire luminance range used in the experiments. Participants viewed the display in a darkened room at a distance of 2.28 m through ferro-electric shutter-goggles (CRS, Rochester, England), which alternately occluded the two eyes at the same frequency as the frame-rate of the monitor. Thus, successive frames were seen by only one eye with no perceptible flicker at this high alternation rate. Participants fixated on a dark spot that remained visible throughout the experiments. In all of the experiments reported here, stimuli were circular patches of sinusoidally modulated grating (contrast, 40%) with a 0.8° hard edge envelope on a background of average luminance. Responses were recorded via a CB3 response box (CRS, Rochester, England). Participants were experienced psychophysical observers and had normal or corrected-to-normal vision and good stereopsis.

Psychometric procedure
----------------------

Stereoacuity thresholds were first determined for monocular stimuli that differed in spatial frequency. To increase the number of trials in which full dominance was reported, we used a technique known as flash suppression (Wolfe, [@B32]; Holmes et al., [@B17]; see <http://www.scholarpedia.org/article/Flash_suppression> for a demonstration). First, an identical adapting stimulus was presented to both eyes. The adapting stimulus was a vertical grating patch in the center of the display with a spatial frequency between 1.5 and 6.0 cycles/deg. Participants adapted to the form/appearance of this grating patch for 1 s. This was followed by a 1.5-s binocular presentation of three vertically arranged patches of grating. Figure [1](#F1){ref-type="fig"} shows the spatial layout of the stimuli. On each trial, the spatial frequency of the gratings in one eye was 3 cycles/deg, while the spatial frequency of the gratings in the other eye varied between 1.5 and 6.0 cycles/deg. The spatial frequency of the gratings presented to one eye was identical to the adaptor. The top and bottom of the three grating patches in each monocular image were given opposite horizontal disparities such that one or other was in front of fixation during the stereo presentation. The central patch was always at zero disparity. Horizontal jitter ±5 arc min was applied independently to the spatial position of the top and bottom patches. This prevented the use of monocular cues to determine depth. The task of the observers was to press a button to indicate which grating patch (top or bottom) was closest. Immediately after their stereo judgment, observers were asked to indicate which grating patches were perceptually dominant. Trials in which full dominance was not reported for all grating patches in one eye and for the duration of the presentation were discarded from further analysis. Participants were easily able to detect differences between 3 cycles/deg patch and all spatial frequencies that were used.

![**Front and side views of the stimulus**. **(A)** Stimuli were three vertically arranged grating patches. Each patch was 0.8° in diameter and they were separated by 1°. The gratings presented to each eye could vary in either: spatial frequency, orientation, spatial phase, or direction of motion. **(B)** The top and bottom of the three grating patches in each monocular image were given equal and opposite horizontal disparities such that one or other was in front of fixation during the stereo presentation. The task of the participant was to press a button to indicate which grating patch was closest and then to report the appearance of the gratings.](fnhum-05-00099-g001){#F1}

Next, observers judged stereoscopic depth for monocular stimuli that differed in orientation, spatial phase, and direction of motion. In orientation blocks, participants viewed an identical adapting grating patch in the center of the screen that was either vertical, or tilted to the left or right of vertical (5° or 7.5°). This was followed by a stereo presentation of three vertically aligned grating patches with the same stimulus parameters to one eye and gratings with an opposite tilt to the other. Participants determined the relative depth of the grating patches and then reported whether the patch was tilted to the right or left. In the spatial phase blocks, the adapting stimulus was composed of a patch of vertical grating in the center of the display (spatial freq: 3 cycles/deg) with a spatial (cosine) phase of 0°. This was followed by a stereo presentation of three grating patches with the same spatial phase (0°) as the adaptor in one eye and grating patches with a spatial phase of either 0° or 180° to the other eye. Participants indicated depth and then indicated whether all grating patches had a spatial phase of 0° (bright in the center) or 180° (dark in the center). Finally, stereoacuity thresholds were determined for stimuli that differed in their direction of motion. In this experiment, observers viewed an identical adapting stimulus in the center of the display that was presented to both eyes for 1 s. The adapting stimulus was composed of a patch of vertical gratings (spatial freq: 3 cycles/deg) with a temporal frequency of 0.5 cycle/s to the left or to the right. This was followed by a 1.5-s stereo presentation of three grating patches with the same direction of motion as the adaptor in both eyes or with opposite directions-of-motion in each eye. Participants indicated depth and then indicated the perceived direction of movement of the gratings in the patches.

Stereoacuity functions in each experiment were based on five repetitions of a test block for each observer. Each test block contained 10 disparity steps for each stimulus combination and each stereo judgment was repeated five times. Within each test block, stimulus combinations were varied in a counterbalanced design, so that each stimulus was presented an equal number of times to the right and left eyes. For threshold discrimination, cumulative-Gaussian curves were fitted to the data. The difference between performance at 0.25 and 0.75 was taken as the threshold.

Results
=======

Spatial frequency
-----------------

Observers reported the complete dominance of all grating patches in one eye for the duration of the stimulus in over 90% of trials (S1: 96.1 + 3.1%; S2: 93.7 + 3.1%; S3: 95 + 1.7%). Trials in which the gratings from one eye or the other did not dominate exclusively were not analyzed. Therefore, with the exception of when both gratings had the same spatial frequency, stereoscopic judgments were made when the form from only one eye was visible. Figure [2](#F2){ref-type="fig"} shows the stereoscopic depth functions from three observers. Thresholds were lowest when the gratings had the same spatial frequency (3.0: 3.0 cycles/deg: mean + SEM = 1.47 + 0.59) and increased as the spatial frequency of the gratings were made more different from each other (1.5: 3.0 = 2.83 + 0.64; 1.9: 3.0 = 1.93 + 0.54; 2.4: 3.0 = 1.90 + 0.53; 3.8: 3.0 = 3.13 + 0.28; 4.9: 3.0 = 3.00 + 0.31; 6.0: 3.0 = 3.43 + 0.23). An ANOVA showed that there was an effect of spatial frequency for S1 \[*F*(1,6) = 4.3, *p* \< 0.005\], but not for S2 (*F* = 0.71, *p* = 0.64) or S3 (*F* = 0.92, *p* = 0.49). Nevertheless, the key point is that clear psychometric functions are apparent for each observer when the spatial frequency of the two monocular images differed by as much as a factor of two.

![**Stereoacuity functions for grating stimuli patches with different spatial frequencies in the two eyes**. The combination of spatial frequencies used from (left to right) were: 1.5:3.0, 1.9:3.0, 2.4:3.0; 3.0:3.0; 3.8:3.0; 4.9:3.0; 6.0:3.0 cycles/deg. Participants were asked to indicate whether the upper or lower grating patch was closest. A negative value on the x axis represents an uncrossed disparity. Bars represent SEM.](fnhum-05-00099-g002){#F2}

Orientation
-----------

Next, stereoacuity thresholds were determined for grating patches that varied in orientation from 0° to 15° (Figure [3](#F3){ref-type="fig"}A). When the orientations of the two gratings were different, participants indicated complete suppression of the form of the gratings presented to one eye or the other in about 90% of trials (S1: 88.6 + 1.6%; S2: 89.0 + 2.2%). Stereoscopic depth judgments were only assessed in these trials. The results, shown in Figure [3](#F3){ref-type="fig"}, show that thresholds were lowest when the grating patches had the same orientation (i.e., vertical) and increased as they were made more different from each other. An ANOVA revealed that there was a significant effect of orientation for S1 (*F* = 5.9, *p* \< 0.05), but not for S2 (*F* = 2.8, *p* = 0.1). However, again both observers were still able to generate good stereoscopic depth functions when the content of the grating patches in one eye was suppressed from perception.

![**Stereoacuity thresholds for grating patches that varied in orientation (A), spatial phase (B), or direction of motion (C)**. Bars represent SEM.](fnhum-05-00099-g003){#F3}

Spatial phase
-------------

Stereoscopic depth judgments were then made when grating stimuli differed in their spatial phase. Clear dominance of one or other stimulus was apparent in over 90% of the 180° phase different trials (S1: 92.0 + 5.0%; S2: 97.2 + 1.2%). Figure [3](#F3){ref-type="fig"}B shows that thresholds were lower when both sets of gratings had the same spatial phase (0°) compared to when the gratings were 180° out of phase (0° and 180°). This difference was significant for S1 (*t* = 9.4, *p* \< 0.05), but not for S2 (*t* = 1.9, *p* = 0.20). Nonetheless, reliable stereoscopic depth functions were still obtained when the form of one image was suppressed from awareness.

Direction of Motion
-------------------

Finally, stereoacuity thresholds were determined for stimuli that differed in their direction of motion. Participants reported complete dominance of one spatial frequency or the other across all three grating patches for the duration of the presentation on over 40% of trials (S1: 97 ± 0.9%; S3: 48 ± 6.6%). Figure [3](#F3){ref-type="fig"}C shows the stereoacuity thresholds from two participants. For one participant, thresholds were significantly lower when the gratings had the same direction of motion and increased when the direction of motion of the gratings was in the opposite directions. However, this difference was not statistically significant S1 (*t* = 2.5, *p* = 0.16). There was not difference in the stereo-thresholds for S3 (*t* = 0.01, *p* = 0.93). Again, stereo judgments were still possible even when the direction of motion of one stimulus was completely suppressed from perception.

Discussion
==========

The aim of this study was to determine whether depth judgments based on binocular disparity can occur for two monocular objects that differ in spatial structure or local motion. Our results show that stereopsis is still possible when the appearance of an object from one eye is completely suppressed from awareness during binocular rivalry.

A number of previous studies have reported that stereoscopic depth perception can coexist with binocular rivalry (Treisman, [@B30]; Ogle and Wakefield, [@B23]; Julesz and Miller, [@B20]; Harrad et al., [@B15]). However, in all of these studies participants were not asked to report whether the image in the "suppressed" eye was perceptually dominant during judgments of depth. So, it is possible that, in these studies, partial dominance could result in stereoscopic depth and rivalry occurring at different spatial locations, giving the impression of coexistence. These problems were circumvented in the present study by having participants report the depth and appearance of the stimulus on each trial. Only those trials in which the form from one eye dominated perception for the duration of the trial were used to generate stereoacuity thresholds.

The coexistence of stereopsis and binocular rivalry in this study demonstrates that binocular disparity information can be processed even when the appearance of one monocular image has been suppressed from awareness. These findings fit with a recent study that showed binocular integration and suppression are possible when vertical gratings were presented to each eye (Su et al., [@B27]). In this study, the stimuli in the two eyes were identical gratings except that a circular patch in the center of the vertical grating of one eye was phase-shifted relative to the surrounding grating. This generated both local rivalry and disparity signals. Although participants used the disparity information to generate a perception of stereoscopic depth, thresholds for the detection of a probe stimulus at the location of the circular patch in corresponding regions of the other eye were increased. This clearly demonstrates the coexistence of binocular integration and suppression. Interestingly, the stimulus used by Su et al. ([@B27]) is similar to the phase-shifted stimulus used in this experiment (Figure [3](#F3){ref-type="fig"}B). However, in this experiment, we used the participant's reports of awareness to indicate interocular suppression.

The illusory conjunction of form and depth reported in this study fits with other reports that have shown that independent competition between different features of a stimulus can occur during binocular rivalry. For example, a suppressed stimulus can influence the appearance of the dominant stimulus by changing the perception of its orientation (Pearson and Clifford, [@B25]), direction of motion (Andrews and Blakemore, [@B3]), luminance (Carlson and He, [@B9]), and color (Carney et al., [@B10]; Holmes et al., [@B17]; Hong and Shevell, [@B18]). The implication from these studies is that the neural mechanisms underlying suppression during binocular rivalry can operate independently on the features that make up the stimulus. These findings suggest that a stimulus that is suppressed during binocular rivalry is not equivalent to physical removal of the stimulus. Rather, the stimulus can continue to influence perception. These findings are consistent with the idea that the suppression of information during rivalry is not an all or nothing process, but one that occurs at multiple sites throughout the visual system (Blake and Logothetis, [@B6]; Tong et al., [@B29]; Blake and Wilson, [@B7]).

Circumstances in which rivalry and stereopsis coexist are common in natural viewing. For example, when we view a 3D scene, occluding objects typically generate images in corresponding regions of the two eyes that are different (Anderson and Nakayama, [@B2]). However, if these rivalrous zones are consistent with viewing an occluding object, they are perceived at an appropriate depth (Shimojo and Nakayama, [@B26]). In this study, when a disparity was applied to the images, the rival stimuli in the two eyes did not occupy corresponding retinal points throughout. Nevertheless, when one grating patch dominated perception, it always appeared as a single circular patch. It would appear, therefore, that it is possible for binocular rivalry to take place even when some aspects of the rival stimuli occupy non-corresponding regions of visual space. Presumably, information from stereoscopic processing can influence which regions of the retina interact during rivalry.

Although our results show that stereo-depth is possible when the monocular input differs on a variety of stimulus dimensions. A number of other reports have shown that reducing the correspondence in spatial structure between the two monocular images affects stereopsis. For example, adding masking noise at one spatial frequency impairs stereoscopic depth at similar, but not at different spatial frequencies (Julesz and Miller, [@B20]; Mayhew and Frisby, [@B22]; Yang and Blake, [@B34]). Neurophysiological studies have shown that there are two possible mechanisms that the visual system could use to process binocular disparity information (Cumming, [@B12]; Blake and Wilson, [@B7]). One model is based on binocular detectors, with identical receptive field structures, located at different locations for the left and right eyes (Anzai et al., [@B4]). An opposing model proposes that the envelope enclosing the receptive fields in the right and left eye are in corresponding retinal positions, but have a different spatial structure (DeAngelis et al., [@B13]). These mechanisms are based on first-order mechanisms that involve detecting corresponding luminance profiles in the two eyes. In our paradigm, the first-order or luminance pattern of the rivalrous stereograms did not match in the two eyes. This suggests that a second-order mechanism is involved. Behavioral evidence for second-order stereo-depth mechanism has been shown in a number of studies (Zeigler and Hess, [@B35]; Hess and Wilcox, [@B16]). Stereoscopic depth perception can even be obtained with dichoptically mixed first- and second-order stimuli (Edwards et al., [@B14]). Physiological support for second-order depth perception is evident in a subset of neurons in extrastriate regions of cat visual cortex (Tanaka and Ohzawa, [@B28]). Our findings suggest that the second-order stereo mechanisms can still operate during binocular rivalry.

In conclusion, our results show that a stimulus that is completely suppressed from awareness during binocular rivalry can nonetheless contribute to the processing of disparity. This gives rise to an illusory conjunction in which form information from one eye is combined with depth information from both eyes. These results demonstrate a range of stimulus conditions in which rivalry and stereopsis can coexist.
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